P-type and n-type wafers were implanted with phosphorus and boron, respectively, for emitter formation and were annealed subsequently at 950∼1050
Introduction
The formation of the emitter in fabricating solar cells is one of the critical processes in the solar cell fabrication process. The emitter is usually formed by diffusing the dopant atom into a silicon wafer surface. There are many ways in creating the emitter, including the standard diffusion process, ion implantation, and epitaxial growth. Of these methods, ion implantation, when applied to the solar cell fabrication, has many advantages compared to the conventional thermal diffusion method [1] . It does not require the etching of the phosphosilicate glass formed during the diffusion process or the additional edge isolation step. Compared to the thermal diffusion method, ion implantation also allows an excellent control over the doping profile. The doping profile can be controlled by modifying the dose or the acceleration during the implantation or by modifying the annealing step, which also acts as a drive-in step [2] .
During implantation the implanted dopants are bombarded into the silicon, and this process produces point defects within the lattice. These defects are in the form of Si self-interstitials, created when the ions collide with the Si atoms which then are displaced from their equilibrium positions [2] [3] [4] [5] [6] [7] [8] .
This damage requires repairing, which is done by performing a postimplant thermal process. This thermal process also activates the dopant ions by establishing them on substitutional sites where they are able to contribute holes (electrons) to the valence (conduction) band [2, 3] .
The annealing condition has a major effect on ionimplanted solar cells because they control the activation and the diffusion profile of the ion-implanted dopants. The activation part of the annealing is more critical since the inactivated dopants act as recombination sites, reducing the minority carrier lifetime and decreasing the V oc of solar cells. The previous studies have created solar cells with minimum annealing. The annealing was done at the least after the ions were activated in other studies to form a shallow emitter, which is thought to increase the J sc due to their higher quantum efficiency at short wavelengths.
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In this study, however, the ion-implanted emitters were annealed even after they were activated to create deep junctions. Since the total concentration of the dopants is fixed for implanted emitters, high-temperature or long-time annealing lowers the peak concentration at the surface as well as increasing the deep junctions. Lowering of the peak concentration should decrease the surface recombination, increasing the V oc as well as the quantum efficiency at short wavelengths. P-type and n-type wafers were implanted with phosphorus and boron, respectively, for emitter formation and were annealed subsequently to see the effect of the deep junction annealing.
Experiments
Phosphorus ions were implanted with an acceleration voltage of 30 keV and a dose of 1e15 cm −2 on p-type c-Si wafers 675 μm thick and a resistivity of 8∼12 Ω·cm. Boron ions were implanted with an acceleration voltage of 40 keV and a dose of 5e15 cm −2 on n-type c-Si wafers 675 μm thick and a resistivity of 4∼7 Ω·cm. The samples were annealed at 950
• C, 1000
• C, and 1050
• C with varying time with 30, 60, and 90 min. The sheet resistances of the samples were measured using a 4-point probe, the doping concentration profile was measured using secondary ion mass spectrometry (SIMS), and the implied V oc at 1-sun (using the minority carrier lifetime) was measured using quasi-steady-state photoconductance (QSSPC). Dark current-voltage (Dark IV) measurement was done on diode samples with metal contacts that were evaporated on both sides of the wafer. For the p-type wafers, 20 nm of Ni and 200 nm of Ag were evaporated on phosphorus emitters and 20 nm of Ti and 200 nm of Al on the bulk side. For the n-type wafers, 200 nm of Ag was evaporated on boron emitters and 20 nm of Ti 200 nm of Al was on the bulk side. While the samples for measuring the sheet resistance, SIMS, and Dark IV were implanted on only one side, the samples for measuring QSSPC were implanted on both sides and SiN x was deposited on each side using plasma-enhanced chemical vapor deposition (PECVD). Bare p-type and n-type wafers were also heated with the same annealing conditions to measure the change in their bulk lifetimes.
Using the measured data from the experiments above, PC1D was used to simulate their effect on solar cells. Three types of simulations were done. First, p-type wafers were simulated with phosphorus emitters in the front side of the wafer and boron back surface fields (BSF) in the back. Secondly n-type wafers were simulated with boron emitters in the front and phosphorus BSF in the back. Lastly, n-type wafers were simulated with phosphorus front surface fields (FSF) in the front and boron emitters in the back.
Results and Discussion
A SIMS profile of the boron-implanted emitters was taken (shown in Figure 1 ) and shows that when the annealing is done at 950
• C for 30 min, there is a spike in the doping profile, which decreases but remains slightly when annealing is carried on for 90 min, but remains slightly. Because the position of the spike corresponds to the peak of the asimplanted doping profile, the spike can be assumed to be boron clustered formed during the initial stage of the annealing. These clusters are known to be immobile and electrically inactive [4] . The spike disappears when the temperature is increased to 1000
• C in this study. This disappearance follows the literature that, while boron clusters start to dissolve at 800
• C, the more stable ones require long-time or high-temperature anneals [5] . This implies that the deep junction annealing for the boron-implanted emitter starts at 1000
• C. The same result can be seen by comparing the measured and the calculated R sheet (sheet resistance) of the boron emitter (in Figure 2) . The horizontal axis is aligned in the order of the total heat during the annealing. The measured R sheet was obtained using a 4-point probe and represents only the activated boron ions, because only the activated ions contribute to the amount of the majority carriers. The calculated R sheet was calculated by using SIMS profiles and the Irvin curve [4] . The mobility of the electrons and holes at each depth was calculated according to the doping profile [5] . Since the calculated R sheet is based on all the implanted boron ions in the SIMS profile it represents the sheet resistance when the activation is complete. The measured R sheet starts with 47.2 Ω/ when the annealing condition is 950
• C at 30 min, 12.1 Ω/ larger than the measured R sheet . The measured R sheet becomes lower than the calculated R sheet when the annealing condition is increased to 1000
• C, when the measured R sheet decreases abruptly from 47.2 Ω/ to 38 Ω/ and then saturates. This complies with the dissolving boron clusters shown in the SIMS profile. When the boron clusters are not activated, there are insufficient mobile carriers and the measured R sheet is larger than the calculated R sheet .
International Journal of Photoenergy The case of the phosphorus-implanted emitters shows a different trend from the boron emitters. The SIMS profile (Figure 3 ) of the phosphorus emitters has no spike in any of the profiles. The measured R sheet and the calculated R sheet also follow the same trend in Figure 4 . This indicates that the phosphorus-implanted emitter can be assumed to be activated at 950
• C. The steady decrease of both the measured and calculated R sheet is due to the increase in the electron mobility as the doping concentration changes with annealing conditions. The implanted phosphorus dopants act as scattering points for the electrons, lowering their mobility when the dopant concentration is high. The mobility of the electrons increases because the average dopant concentration falls as the annealing condition becomes higher or longer. This is why the R sheet of the phosphorus-implanted emitter decreases although the total amount of the phosphorus concentration does not change. The R sheet of the boron emitter does not show this trend because holes, the majority carriers in boron emitters, are not affected by the boron concentration as strongly as the electrons in the phosphorus emitters [5, 6] . Figure 5 shows the implied V oc of the ion-implanted samples from QSSPC. The implied V oc of the boron emitters increases about 30 mV at 950
• C when the damage from the implantation is being annealed and about 15 mV more during the deep junction annealing at 1000
• C and 1050
• C. The increase of the implied V oc at the high temperatures shows 4 International Journal of Photoenergy that the deep junction annealing after the activation reduces the recombination as the doping concentration becomes lower as the annealing proceeds [7] . However, the implied V oc of the phosphorus emitters continuously decreases about 60 mV even though the implanted phosphorus ions are already activated.
The J 01 of the boron and phosphorus emitters (in Figure 6 ) with different annealing conditions, measured using Dark IV, supports the implied V oc results. As the graph shows, J 01 of phosphorus emitters increases when it is deep junction annealed after the activation. The J 01 of boron emitters shows an opposite result, decreasing abruptly during the activation at 950
• C and moderately during the deep junction annealing at higher temperatures. As written above, the decrease of the J 01 during the deep junction annealing is linked to the decrease of the concentration of boron. Higher annealing temperatures and longer times will diffuse the boron more deeply into the wafer as shown in the SIMS profile (in Figure 1) . The concentration of boron near the front surface decreases, which leads to a lower front surface recombination velocity (FSRV), which in turn reduces the J 01 . The increase of the J 01 for the phosphorus emitters is not due to the recombination in the emitter but the effect of the bulk lifetime. Figure 7 shows the result of heating bare p-type and ntype wafers with the same conditions as the postimplantation annealing, showing the change in the bulk lifetime according to the annealing conditions. As can be seen, the bulk lifetime of both types of wafers decreases when annealing is done for a long time. While the bulk lifetime of n-type wafers decreases about 40 μs during the annealing process, the bulk lifetime of the p-type wafers decreases over 150 μs. This abrupt decrease of bulk lifetime in p-type wafers is the cause of the drop of the implied V oc in Figure 5 . The implied V oc decreases when the J 0 of the sample increases as shown by the formula below
The implied V oc is affected by the diffusion length of the bulk, as well as recombination in the emitter. While the high temperature of long-time annealing of the samples makes the junctions deeper and decreases the doping concentration of the surface leading to less Auger recombination and larger hole diffusion length (L h in the emitter for p-type wafers), the bulk lifetime decreases far abruptly and hence J 0 will be dominated by the electron diffusion length (L e in the bulk) leading to the decrease of the implied V oc as the annealing proceeds. For n-type wafers, however, the bulk lifetime decreases in a moderate way; this leads to an abrupt increase of implied V oc at 950
• C and a moderate increase at higher temperatures.
The dissimilarity in the bulk lifetime of the two wafer types comes from the capture cross-section difference in impurities [8] . Impurities, especially metal impurities, produce deep levels in the band gap which act as recombination sites according to the Shockley-Read-Hall model. The impurities, when occurring at either interstitial or substitutional lattice sites, act as donor of acceptor models, respectively, and alternate between charge states and neutral states capturing electrons or holes in the process. The capture cross-section for either electrons or holes differs greatly according to the impurity. For donor impurities the capture crosssection for electrons is much greater than that for holes and for acceptor impurities vice versa. When cooling after a high-temperature process, while donor impurities form a moderate concentration of interstitial centers, acceptor impurities form precipitates and only a small concentration of the impurities forms substitutional centers [9, 10] . Since the donor impurities capture electrons an order faster than holes, the lifetime of electrons, the minority carrier of the ptype wafers, decrease abruptly when the wafer is heated and cooled. This is the reason for the abrupt decrease of the bulk lifetime in Figure 7 .
Using the data obtained in this study, a simulation of different wafer types was done using PC1D. The data used based on this study were the SIMS profiles, bulk lifetimes, and the front and back surface recombination velocities (according to the peak concentrations) [11, 12] . The background doping was set to be 1e16 cm −3 for ptype wafers and 5e15 cm −3 for n-type wafers. The reflectance of the antireflection coating used in the simulation had a weighted reflectance of 15.7%. The annealing conditions used in the simulation were 1000
• C for 60 min, 1000
• C for 90 min, and 1050
• C for 90 min. The 950
• C annealing conditions were not used because as seen from the sheet resistance, boron is insufficiently annealed at this temperature. In the simulations, both sides of the wafers were assumed to be ion implanted for p-type wafers (P-emitter, B-BSF), n-type wafers (B-emitter, P-BSF), and n-type wafers with backside emitters (B-emitter, P-FSF), respectively. The n-type wafers with backside emitters were simulated to test the effect of deep junction annealing for solar cells with emitters in the back as in interdigitated back contact (IBC) solar cells. The result of the simulation is shown in Table 1 . Decrease in the bulk lifetime has a dominating effect for ptype wafers, resulting in a decrease in the efficiency as the annealing proceeds (Δη abs = −1.3%). Although the deep annealing lowers the doping concentration and hence reduc the Auger recombination and the surface recombination, it also abruptly lowers the bulk lifetime as shown above. The low bulk recombination reduces the L e , which causes the quantum efficiency (QE) and the V oc to deteriorate. This result shows that for the p-type implanted solar cells the annealing should be stopped when the activation is complete. For n-type solar cells, because the bulk lifetime only decreases slightly with the annealing, the deep junction annealing has a positive effect on the efficiency (Δη abs = +0.1%). The V oc is increased, and the QE increases as well, leading to the increase of the J sc . The deep junction annealing has the biggest effect in the third group, where the boron emitters are in the back of the n-type wafers (Δη abs = +0.4%). Since the emitters are in the back, recombination of the minority carriers needs to be reduced, which can be done by the deep junction annealing. These results show that deep junction annealing can be used to increase the efficiency of implanted n-type solar cells.
Conclusion
The effect of deep junction annealing after the activation was investigated for ion-implanted emitters. The SIMS profiles and the difference between the measured and the calculated R sheet indicate that the boron emitters are activated above 1000
• C, while phosphorus emitters are already activated at 950
• C. Above 1000 • C, the implied V oc of boron emitters rises with annealing time and temperature about 15 mV even after the activation. The J 01 also decreases, which indicates that the deep junction annealing decreases the recombination velocity by reducing the surface concentration. Deep junction annealing for the phosphorus emitters, however, decreases the implied V oc and increases the J 01 with annealing time and temperature. This effect is due to the decrease of bulk lifetime during the annealing at high temperatures, especially for p-type wafers. The dominating decrease in the bulk lifetime for p-type wafers indicates that for annealing implanted solar cells at high temperatures, n-type wafers should be used. Simulations using PC1D conclude this effect showing that for p-type implanted solar cells increasing the annealing temperatures or time decreases the efficiency (Δη abs = −1.3%). For n-type implanted solar cells, however, deep junction annealing reduces the recombination in the solar cell creating an increase in the efficiency (Δη abs = +0.1%), especially for n-type solar cells with emitters in the backside of the wafer (Δη abs = +0.4%). In summary, while the least annealing is suitable for p-type implanted solar cells, for the n-type implanted solar cells deep junction annealing even after complete activation can increase the efficiency.
